Hypospadias is a common male genital malformation and is regarded as a complex disease affected by multiple genetic as well as environmental factors. In a previous genome-wide scan for familial hypospadias, we reported suggestive linkage in nine chromosomal regions. We have extended this analysis by including new families and additional markers using non-parametric linkage. The fine mapping analysis displayed an increased LOD score on chromosome 8q24.1 and 10p15 in altogether 82 families. On chromosome 10p15, with the highest LOD score, we further studied AKR1C2, AKR1C3 and AKR1C4 involved in steroid metabolism, as well as KLF6 expressed in preputial tissue from hypospadias patients. Mutation analysis of the AKR1C3 gene showed a new mutation, c.643G4A (p.(Ala215Thr)), in a boy with penile hypospadias. This mutation is predicted to have an impact on protein function and structure and was not found in controls. Altogether, we homed in on four chromosomal regions likely to harbor genes for hypospadias. Future studies will aim for studying regulatory sequence variants in these regions.
INTRODUCTION
Hypospadias is a common congenital malformation in boys, characterized by incomplete fusion of the urethral folds, abnormal opening of the urethra and different degrees of curvature of the penis. Although hypospadias most often occurs as an isolated defect, it can be associated with cryptorchidism, bifid scrotum and micropenis, especially when severity of hypospadias is pronounced. The frequency of hypospadias ranges from 0.3 to 0.8% among male live births in Europe, Asia and North America. [1] [2] [3] In Sweden, the incidence of hypospadias is 0.3% since the beginning of the 1970s according to the annual Swedish Malformation Registry. 1, 4 Hypospadias is considered to be a complex disorder caused by the interplay between environmental factors and effects of multiple genes. It is well established that hypospadias is associated with determinants, such as low birth weight, placenta insufficiency, high maternal BMI and parental subfertility. [5] [6] [7] Several observations suggest that hypospadias is under genetic influence. Approximately 7-9% of fathers with a son with hypospadias have the same malformation and the recurrence risk for a brother of an affected boy has been described to be as high as 17%. 8, 9 Familial clustering of hypospadias without a monogenic inheritance pattern is observed in B7% of all cases, indicating a multifactorial inheritance of the malformation. 10, 11 Familial hypospadias, in contrast to many other complex disorders, usually has a milder phenotype, probably because the malformation also affects fertility. 7, 10, 12 In addition, some families have been described with an autosomal dominant or recessive pattern of inheritance. [13] [14] [15] Hypospadias is also a feature in more than one hundred genetic syndromes (www.ncbi.nlm.nih.gov/omim).
The molecular events that affect normal male genital development have been extensively studied during the last decades. Recent studies in mice revealed possible involvement of genes in early genital tubercle development, such as sonic hedgehog (shh), fibroblast growth factors 8 and 10 (fgf8 and fgf10), homeobox A13 and D13 (hoxa13 and hoxd13) and ephrin (Eph). [16] [17] [18] [19] Nevertheless, the main pathway driven by testosterone is crucially important. Testosterone is produced in Leydig cells in the testes and is converted to dihydrotestosterone (DHT) in the target tissues, the external genitalia and the prostate gland. DHT binds to the androgen receptor (AR), and forms a complex that can subsequently bind to the androgen response element (ARE) on DNA resulting in a masculinization of the phallus and prostate. Thus, defects in the androgen metabolism, such as mutations in the 17b hydroxysteroid dehydrogenase type 3 (HSD17B3) gene, the AR gene and the 5-alpha reductase (SRD5A2) gene, can increase hypospadias risk. [20] [21] [22] [23] The finding of estrogen receptors in the male reproductive tract during development raises the possibility that estrogens may also influence the risk for hypospadias. 24 Currently, four hypospadias genes have been identified, namely the Mastermind-like Domain-containing 1 gene (MAMLD1/CXorf6), the Activating Transcription Factor 3 (ATF3) gene, the Diacylglycerol kinase kappa (DGKK) gene and most recently the basonuclin 2 (BNC2) gene. [25] [26] [27] [28] In our search for hypospadias candidate genes, we previously performed a genome-wide linkage scan in 69 families with at least two affected family members. 29 Multipoint LOD scores above 1.44 were consistent with suggestive linkage, which was observed in four regions on chromosomes 2, 9 and 10. Five additional regions with weaker evidence of linkage (P-valueo0.01) were found. Altogether, nine chromosomal regions were identified (1q23, 2p11, 6q25, 8p21-22, 8q24.1, 9q21-22, 10p15, 10q21 and 18q21). In order to home in on candidate genes for hypospadias, we added more families and performed fine mapping in 82 families using 85 microsatellite markers in these nine candidate regions.
MATERIALS AND METHODS Subjects
Fine mapping. In our previous study, a genome-wide linkage scan was performed in 69 families with at least two affected family members. 29 For the current fine mapping analysis, 13 additional families including eleven Swedish (46 individuals) and two Iranian families (eight individuals) were recruited. In total, 363 individuals were genotyped, of which 180 were affected. The distribution of the degree of relationship of all 96 affected relative pairs is listed in Table 1 . Pedigrees are available on request.
Candidate gene analyses. Candidate genes were selected in chromosome 10p15 (LOD score ¼ 1.67, Po0.02). Three genes of the AKR1C subfamily (AKR1C2, AKR1C3 and AKR1C4) as well as the KLF6 gene were chosen for mutation screening because of their function in the testosterone metabolism and expression in genital skin in hypospadias cases. 30, 31 Sequence analyses. One affected individual from each of the 17 families linked to the 10p15 region (LOD score 41.0) was sequenced for AKR1C3 (NM_003739.5), AKR1C4 (NM_001818.3 and NG_031872.1) and KLF6 (NM_001300 and NG_012277.1). In addition, sequencing of these three genes was performed in affected boys (n ¼ 95) without a familiar history of hypospadias and controls (n ¼ 95). For AKR1C2 (NM_001354.5 and NG_031852), sequencing of the coding exons (exons 3-11) was performed in discordant sib pairs from 13 
Methods
Microsatellite genotyping. Eighty-five microsatellite markers were genotyped in the nine chromosomal regions (1q23, 2p11, 6q25, 8p21-22, 8q24.1, 9q21-22, 10p15, 10q21 and 18q21) identified in the previously published genome-wide linkage scan. 29 The markers were selected from the integrated maps of the Marshfield Medical Research Foundation (http://research.marshfieldclinic.org/ genetics) and the deCode database. 32 The average intermarker distance across the fine-mapped regions was 2.5 cM. The mean success rate for included markers was 84%. Microsatellite genotyping was performed as described earlier. 29 The resulting genotypes were analyzed using Genescan2.1 and Genotyper2.0 softwares (Applied Biosystems, Foster City, CA, USA). All genotypes were checked manually.
Sequencing. Exons and flanking intronic sequences (to identify any splice site mutations) were amplified using exon-specific primers. Primers and amplification conditions are available upon request. Direct sequencing was performed on both strands using Big-Dye terminator v3.1 (Applied Biosystems) and run on an ABI3130 Sequencer (Applied Biosystems). Sequencing primers were the same as used in the PCR amplification. The sequencing reactions were carried out according to the manufacturer's recommendations. Chromatograms were analyzed using SeqScape v3.7 (Applied Biosystems).
SNP genotyping. Five polymorphisms in the 5
0 end of the AKR1C3 gene (rs1937845;T4C, rs10904415;C4T, rs3763676;T4C, rs12529;G4C and rs7741;A4G) were genotyped in the hypospadias patients and controls of the extended Swedish cohort and the Dutch AGORA cohort. Genotyping was performed using TaqMan allelic discrimination assays according to the manufacturer's recommendations (Applied Biosystems).
Statistical analysis
Family structure was examined by comparing the expected and observed average identity-by-state of genotyped markers in all sib pairs using the zGenstat 1.128 software (Henric Zazzi, unpublished). Genotypes were checked for Mendelian inconsistencies using the same program. All inconsistencies were re-analyzed and incompatibilities were resolved unambiguously or individuals and/or pedigrees were excluded from linkage analyses. As hypospadias is restricted by gender, males with hypospadias were defined as affected, whereas other males with normal phenotypes were marked as unaffected and females were coded as unknown. Linkage analysis was performed using the information of all markers across the chromosomal regions showing linkage in the previous study, thus including markers used in the genome-wide linkage scan and markers for fine mapping, on the whole set of 82 families with 96 affected pairs including two separate subgroups (Swedish and Middle Eastern origin). A non-parametric model was used, as the pedigrees showed mixed patterns of disease inheritance and the true underlying inheritance model was unknown. For every marker, single-point and multipoint linkage analyses were obtained using the Allegro software. 33 Corresponding P-values were interpreted according to Lander and Kruglyak, 34 and P-values were estimated using the formula, P(LOD) ¼ 0.5 Â (w 2 1 42ln10 Â LOD). For the association analyses in the Swedish cohort, single marker and multiple-marker association tests were performed using Haploview. 35 The P-value was corrected for multiple testing by performing 10 000 permutations using Haploview. Differences in haplotype frequencies between cases and controls were calculated using the w 2 test and the Fisher's exact test with the Statistica 7.0 software (StatSoft, Tulsa, OK, USA). For the Dutch case-parent triads, we used the transmission disequilibrium test. 36 Fine mapping of hypospadias C Söderhäll et al
In silico analysis of gene variants
To predict the possible impact of an amino-acid substitution on the structure and function of a protein, the Polyphen (Polymorphism Phenotyping) and SIFT (Sorting Intolerant From Tolerant) programs were used. 37, 38 
RESULTS

Fine mapping
Our previously published genome-wide linkage scan in 69 families revealed evidence for suggestive linkage on chromosomes 2p11, 9q21-22, 10p15 and 10q21. In addition, we could present weaker linkage on chromosomes 1q23 and 6q25 in the subgroup of 58 Swedish families and on chromosomes 8q24 and 18q21 in the subgroup of 11 families with Middle Eastern origin. 29 In this study, with the inclusion of additional markers and families, we confirmed and strengthened the evidence of linkage for chromosome regions 8q24.1 and 10p15 ( Figure 1 and Table 2 Table 2 ). In addition, in the subgroup of Swedish families, multipoint LOD scores greater than 1 was also found on 1q23 (LOD ¼ 1.27, Po0.02). In the group of families originating from Middle Eastern countries, also the linkage peak on 18q21 (multipoint LOD ¼ 1.1, Po0.03) was confirmed. The strategy of the analyses has been summarized in a flowchart (Figure 2 ).
Candidate gene analyses in 10p15
Candidate genes were selected from the most significantly linked region 10p15. Three genes of the AKR1C subfamily (AKR1C2, AKR1C3 The marker with the highest single-point LOD score in each peak is listed.
Fine mapping of hypospadias C Söderhäll et al and AKR1C4) as well as the KLF6 gene were chosen for sequencing analyses because of their function in the testosterone metabolism and expression in genital skin in hypospadias cases. 30, 31 The AKR1C3 gene Sequencing of the exons of AKR1C3 revealed sequence variants in several patients (Table 3) . One heterozygous variant in exon 6, c.643G4A p.(Ala215Thr), was detected in a boy with penile hypospadias. This sequence variant was not present in any of the 95 control individuals, is conserved in several mammals (Pan troglodytes, Macaca mulatta, Bos Taurus, Mus musculus and Rattus norvegicus) and has not been described previously. In order to further elucidate the role of p.(Ala215Thr) on the structure and function of the AKR1C3 protein, the Polyphen and SIFT programs were used. At this position in the AKR1C3 protein sequence, any change from Alanine (a non-polar amino acid) to a polar residue, such as Threonine, was predicted to affect protein function. Five known gene variants (rs3763676;T4C, rs12529;G4C, rs7741;A4G, rs11551177; A4G and rs12387;G4A) were found in both sporadic and familiar cases. Three polymorphisms (rs3763676;T4C, rs12529;G4C and rs7741;A4G) showed statistically significant different allele frequencies between cases (familial and sporadic) and controls (Table 3 ). This finding led us to perform a haplotype analysis of these three SNPs in which three haplotypes were identified: AGG, GCA and ACG. However, none of these showed any significant association with hypospadias (Table 4) . We also examined the associations of rs3763676;T4C, rs12529;G4C and rs7741;A4G and two promoter SNPs (rs1937845;T4C and rs10904415;C4T) with hypospadias in the extended Swedish and Dutch cohorts, where no statistically significant associations were detected either ( Table 5 ).
The AKR1C4 gene Two genetic variants were detected by sequencing the AKR1C4 gene (Table 3) . A heterozygous variant in intron 4, c.447 þ 9T4G (rs201441444), was detected in one boy with scrotal hypospadias and none of the 95 control individuals (Table 3) . A coding variant, c.435C4G, changes the amino acid from Serine to Cysteine in codon 435 and has previously been reported as a polymorphism (rs3829125;C4G). However, no differences in allele frequencies between cases and controls were detected. Screening candidate genesin region 10p15
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Fine mapping of hypospadias C Söderhäll et al
The AKR1C2 gene Sequencing of coding exons (exons 3-11) of the AKR1C2 gene (NM_001354.5 and NG_031852) in discordant sib pairs from 13 families showing linkage in the 10p15 region revealed no coding variants. Three previously described SNPs were observed (rs13945;C4T, rs145355870;A4G and rs56259037;C4T) but did not show a statistically significant association with hypospadias.
The Kruppel-like factor 6 gene (KLF6) Sequencing analysis of the KLF6 gene revealed four genetic variants (c.496C4T, c.800 þ 21C4T, c.800 þ 34G4A and c.*62G4A) present only in affected boys and not in the 95 controls. The previously undescribed heterozygous variant c.496C4T (p.(Pro166Ser)) was found in one boy with scrotal hypospadias and chordee. In addition, he carried a 45,X/46,XY mosaicism. The variants c.800 þ 21C4T, present in two patients, and c.800 þ 34G4A, found in one patient, are both intronic genetic variants. One variant located in the 3 0 UTR, c.*62G4A, was detected in one patient. None of these variations were found in the 95 controls; thus, they might represent private variants. Other gene variants found in this gene, rs11544694;A4C, rs3750861;C4T, rs35835052;C4T, c.603G4A, c.*46A4T, rs17731;A4G and rs1050046;C4T, were present in the same frequency among cases and controls. Homology analysis of the KLF6 nucleotide and protein sequence indicated that all of these gene variants are conserved.
DISCUSSION
In order to elaborate on genes contributing to hypospadias, we performed a linkage analysis by adding 85 microsatellite markers in already linked chromosomal regions and extended our previously examined material with 13 new families with at least two affected individuals in each family. Increased LOD scores on chromosomes 8q24.1 and 10p15 were observed in the extended material. Interestingly, these regions showed evidence of linkage in different subgroups in the previous study: the 10p15 region in the Swedish subgroup and the 8q24.1 region in the Middle Eastern group. 29 When analyzing the groups separately, the regions on 1q23 and 10p15 could be confirmed in the Swedish families and the 8q24.1 and 18q21 regions in the Middle Eastern families. This is the largest linkage analysis performed in familial hypospadias cases with, in total, 82 families, and 363 individuals, including 180 affected. The families are from different ethnicities, with 69 families of Swedish origin and 13 from Middle Eastern countries. Interestingly, we detected linkage in two regions (8q24.1 and 10p15) in the total material but also in different chromosomal regions in the Swedish and Middle Eastern subgroups (1q23 and 18q21). However, this may not be surprising considering the complex nature of hypospadias.
The chromosomal regions identified in our original study were large and contained hundreds of genes. 29 The number of chromosomal regions has now been reduced and, therefore, the total number of potential susceptibility genes have decreased substantially, although each remaining region has not been markedly reduced. This clearly helps to focus our further studies in the search for susceptibility genes for hypospadias. The reason for the lack of confirmation of some of the peaks observed might be lack of power in our sample. However, the linkage peaks that were confirmed are likely to contain susceptibility genes with the strongest contributions to development of hypospadias in the population studied. Separate regions linked in the different subgroups confirm the complex nature of hypospadias with several different genes and environmental factors contributing. As only 13 families with Middle Eastern origin were included in the study, conclusions drawn from analysis of this subgroup should be interpreted with caution. One explanation for a separate peak in the subgroup of Middle Eastern origin, despite the small sample size, might be a genetically more homogenous population.
On the basis of chromosomal location and gene function we sequenced three genes in the AKR1C gene family. There are four human aldo-keto reductases (AKR1C1-4) and they function in vitro as 3a-hydroxysteroid dehydrogenase (HSD). By acting as 3-keto-, 17-keto-and 20-ketosteroid reductases, these AKRs can convert potent sex hormones (androgens, estrogen and progesterone) into their inactive metabolites. In reverse direction, however, they can produce potent hormones by oxidizing inactive or less active forms. 39 Type 1 3a-HSD (AKR1C4) has the highest catalytic efficiency as a 3-ketosteroid reductase and is present in the liver. 40 The genes AKR1C2 (3a-HSD type 3) and AKR1C3 (type 2 3a-HSD) are interesting for hypospadias due to the ability to form or eliminate DHT. 39 Tissue distribution studies of human AKR1C3 showed a strong expression in genitourinary tissues. 41 Moreover, Flück et al 40 recently presented mutations in members of the AKR1C gene family (AKR1C2 and AKR1C4) causing 46,XY disorders of sexual development in two families, Fine mapping of hypospadias C Söderhäll et al thus supporting the importance of this alternative pathway in the male androgen metabolism. The mutation (p.(Ala215Thr)) in our study is the first mutation of the AKR1C3 gene detected in hypospadias and the mutation is predicted to damage protein function or structure. However, none of the SNP variants identified in AKR1C2, AKR1C3 and AKR1C4 showed statistically significant associations with hypospadias. Kruppel-like factor 6 (KLF6) is located on 10p15 and belongs to a large family of transcription factors that are associated with differentiation and tissue development including the growth of the genital tract. Microarray analysis on preputial tissue from hypospadias patients and controls showed a twofold increased expression of the KLF6 gene in cases versus controls. 31 The combination of chromosomal localization and the increased expression in the skin from hypospadias boys makes this an interesting gene for hypospadias. Our sequence analysis of this gene in 95 patients and 95 controls revealed 12 genetic variants whereof one missense mutation (p.(Pro166Ser)). The patient carrying this missense mutation has a 45,X/46,XY karyotype. Individuals mosaic for a 45,X/46,XY karyotype have a wide spectrum of phenotypes from sex reversal to hypospadias and normal males. 42 This complicates the interpretation of our finding. Mutations in the KLF6 gene have earlier only been reported in association with prostate cancer. 43, 44 KLF6 is also connected to placenta development, which is interesting as placental dysfunction in early gestation may be a mechanism for hypospadias. 45, 46 Another hypothesis involves the function of KLF6 as an upregulator of ATF3, one of the novel risk genes for hypospadias. KLF6 regulates ATF3 expression by binding to and activating ATF3 promoters, thus affecting the balance between androgen and estrogen. 47 In summary, we here report new chromosomal susceptibility regions for hypospadias genes based on our findings from linkage analysis and fine mapping in 82 families. Most structural mutations observed in the AKR1C2, AKR1C3, AKR1C4 and KLF6 genes in these regions appear not to be common causes for hypospadias in the Swedish and Dutch populations. Future studies should focus on finding regulatory sequences in these regions and try to replicate the (p.(Ala215Thr)) mutation in the AKR1C3 gene.
